Spore-derived mycobionts of the crustose lichen Graphis vestitoides collected in Vietnam were cultivated on a malt-yeast extract medium supplemented with 10% sucrose. The investigation of their metabolites resulted in isolation of a novel 14-membered macrolide and a new isocoumarin, together with five known isocoumarin derivatives. Their structures were determined by spectroscopic and chemical means. This is the first instance of isolation of a 14-membered macrolide from a lichen mycobiont.
These findings suggested that laboratory cultures of lichen mycobionts could provide a potential source of novel secondary metabolites to be produced for pharmaceutical purposes. In continuing our chemical studies on the cultured mycobionts of lichens, 7) we cultivated the spore-derived mycobionts of Graphis vestitoides collected in Vietnam and isolated a novel 14-membered macrolide and a new isocoumarin as well as five known isocoumarin derivatives from their cultures. In this paper, the isolation and characterization of these new metabolites are described.
Results and Discussion
Specimens of Graphis vestitoides (Fink) Staiger were collected from the bark of trees in Dong Nai Province, Vietnam, in 2008. The polyspore-derived mycobionts were cultivated on a malt-yeast extract medium supplemented with 10% sucrose at 18°C in the dark. After three months, the cultures were harvested and extracted with Et 2 O, acetone and then with MeOH. Subsequent purification of the extracts by a combination of column chromatography, preparative TLC and HPLC gave new compounds 1 and 2, together with five known compounds: 6,8-dihydroxy-3-(hydroxymethyl) isocoumarin (3), 8) 4,6-dihydroxy-3,9-dehydromellein, 9) cis-4,6-dihydroxymellein, 10, 11) trans-5,7-dihydroxy-3-(1-hydroxyethyl) phthalide 12) and cis -5,7-dihydroxy-3-(1-hydroxyethyl) phthalide. 12) Compound 1 was isolated as a white crystalline solid, mp >300°C. The high resolution electrospray ionization mass spectrometry (HR-ESI-MS) of 1 established the molecular formula of C 10 (HMBC) correlations from an olefinic proton (H-4) to three carbon signals at δ 99.0 (C-8a), 138.8 (C-4a) and 150.0 (C-3), from an aromatic proton (H-5) to carbon signals at δ 108.5 (C-4), 165.8 (C-6) and C-8a, and from another aromatic proton (H-7) to C-6, C-8 (δ 162.5) and C-8a (Fig. 2) , as well as a nuclear Overhauser effect spectroscopy (NOESY) cross peak between H-4 and H-5 suggested a 3,6,8-substituted isocoumarin ring system as in 6,8-dihydroxy-3-(hydroxymethyl) isocoumarin (3), a major constituent of this culture. The downfield resonance of H-4 and C-4 relative to those of 3 and HMBC correlation from H-4 to a carboxyl carbon at δ 161.8 indicated that 1 possessed a carboxyl group at C-3 instead of a hydroxymethyl group as in 3. These spectral features were similar to those of 6-methoxy-8-hydroxyisocoumarin-3-carboxylic acid (4), 13) except for the absence of the methoxy group in 1. Methylation of 1 with TMS-CHN 2 Fig. 2 . Furthermore, significant HMBC correlations from olefinic protons H-3 and H-4 (δ 7.42) to a carbonyl carbon (C-2, δ 168.2), and from oxygenated methine proton H-14 to C-2 and a carboxyl carbon (C-15, δ 177.5) established a 14-membered lactone ring with a carboxyl group at C-14. The presence of a hydroxy group at C-5 was deduced from the molecular formula and characteristic chemical shifts of H-5 (δ 5.24) and C-5 (δ 68.8). The geometry of the double bonds C-3/C-4, C-6/C-7 and C-9/C-10 was assigned as E, Z and E from the 1 H-1 H coupling constants of 15.5, 11.0 and 15.0 Hz, respectively. These spectral data demonstrated that 2 was closely related to mutolide (6), a fungal macrolide isolated from the culture broth of the fungus Sphaeropsidales sp. (strain F-24′707), 14) except that 6 possessed a hydroxyl group at C-8, a methyl group at C-14 and an E configuration of double bond C-6/C-7. Accordingly, the planar structure of 2 was elucidated and designated graphilide.
The absolute configuration of C-14 in 2 was determined by the 1 H-NMR analyses of its (R)-and (S)-phenylglycine methyl esters (PGME) amides. 15) Treatment of 2 with (S)-and (R)-PGME in N,N-dimethylformamide (DMF) in the presence of benzotriazolyloxytri(pyrrolininyl) phosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole (HOBT) and Et 3 N yielded the corresponding PGME amides 7 and 8, respectively. The differences in the chemical shifts Δδ (δ S −δ R ) of the two amides led to the assignment of the S configuration at C-14 of 2 ( Fig. 3) .
To determine the absolute configuration of C-5, methylation of compound 2 followed by esterification with (R)-and (S)-methoxyphenylacetic acids (MPA) was undertaken. 16) However, treatment of 2 with TMS-CHN 2 failed to yield the desired methyl ester 9, but unexpectedly gave 10. The high resolution atmospheric pressure chemical ionization mass spectrometry (HR-APCI-MS) of 10 established the composition of C 15 H 20 O 5 , which was 14 mass units more than that of 2. The 1 H-and 13 C-NMR spectra of 10 showed signals for an oxygenated methine (δ H 3.71, δ C 49.2) and a methylene (δ H 3.73, 4.10, δ C 50.1) in addition to a methoxy group (δ H 3.75, δ C 52.4), but no signals due to C-4/C-5 double bond as seen in 2. The HMBC experiments with 10 as well as its molecular formula indicated the formation of an epoxy ring between C-4 and C-5. The relative stereochemistry of the epoxy group was assumed to be cis from the large coupling constant (J=4.0 Hz) between the vicinal protons H-4 and H-5. The formation of a cis epoxy ring was accounted for by a Michael-type addition of C-5 hydroxyl group to the double bond at C-4 in the favorable conformation of 9.
In a further effort to determine the absolute configuration of C-5, the amide 7 was esterified with (S)-MPA acid in dry CH 2 of a methylene group (C-3), an olefinic carbon (C-4) and an oxygenated sp 2 quaternary carbon (C-5) instead of two olefinic carbons and a hydroxyl methine as seen in 7. The assignments were clarified by HMBC correlations from H 2 -3 to C-2, C-4 and C-5 and from H-4 to C-2, C-5 and C-6. The formation of 12 indicated that the core structure of 12 had undergone double-bond rearrangement in the same manner as occurred during the acylation of a 12-membered macrolide. 17) Therefore, the absolute configuration at C-5 of 2 still remains to be elucidated.
In conclusion, the metabolites of the cultivated mycobiont colonies from G. vestitoides collected in Vietnam were investigated to isolate a novel 14-membered macrolide and six isocoumarin-related compounds, one of which was new. Isocoumarins have been detected in cultured lichen mycobionts.
5,9,18,19) Several 14-membered macrolides were isolated from original marine sources [20] [21] [22] [23] and fungal origins, 14, [24] [25] [26] but have not been isolated from lichen thalli or cultured mycobionts. This is the first instance of isolation of a 14-membered macrolide from a lichen mycobiont.
Experimental
General Experimental Procedures Melting points were measured on a Yanaco micro-melting apparatus and are reported uncorrected. The UV spectra were recorded on a Shimadzu UV-240 spectrophotometer and the IR spectra on a Shimadzu FTIR-8200 infrared spectrophotometer. The optical rotations were measured on a Jasco DIP-370 digital polarimeter. HR-APCI-MS and HR-ESI-MS were obtained with a Thermo Scientific Q Exactive. The NMR experiments were performed with Varian NMR System-500, Varian UNITY INOVA (500 MHz) and Varian Mercury-300 spectrometers, with TMS as internal standard. HPLC was performed using a Waters system (600E Multisolvent Delivery System, 2487 Dual λ Absorbance Detector). Silica gel 60 (Merck) was used for column chromatography. Thin-layer chromatography (TLC) was performed on precoated Kieselgel 60F 254 plates (Merck) and spots were visualized under UV light or stained with phosphomolybdic acid solution (500 mL of H 2 Mycobionts were obtained from the spores discharged from apothecia of a thallus, and were cultivated in test tubes containing modified MY10 medium (10 g of malt extract, 4 g of yeast extract, 100 g of sucrose, 15 g of agar, 1 L of H 2 O, pH 7) at 18°C in the dark. After cultivation for three months, the colonies were harvested.
Extraction and Isolation The harvested colonies (121 test tubes, dry weight 33.5 g) were extracted with Et 2 O, acetone and then MeOH at room temperature, and the combined extracts were concentrated under reduced pressure to give Et 2 O (122 mg), acetone (362 mg) and MeOH (8.15 g) residues.
The Et 2 O and acetone extracts were separated by preparative TLC (n-hexane-Et 2 O-AcOH, 10 : 15 : 1) to give two fractions. The less polar fractions around Rf 0.7 (Et 2 O extract: Methylation of 1 To a solution of 1 (3.0 mg) in MeOH (1 mL) was added TMS-CHN 2 in n-hexane (0.20 mL), and the mixture was stirred at room temperature for 70 min. After termination by diluted acetic acid in MeOH, the reaction mixture was concentrated in vacuo and the residue was purified by preparative TLC (CHCl 3 -MeOH, 95 : 5) to yield methylated compound 5 (1.8 mg) ). Preparation of (R)-and (S)-PGME Amides from 2 To a stirred solution of a mixture of 2 (2.0 mg) and (S)-PGME (5.0 mg) in DMF (1.0 mL) were successively added PyBOP (12.0 mg), HOBT (3.0 mg) and Et 3 N (10 µL) at 0°C. After the mixture was stirred at room temperature for 3 h, CHCl 3 (15 mL) was added and the resulting diluted solution was successively washed with 1 n HCl and brine. The organic phase was dried (Na 2 SO 4 ) and concentrated to give a residue that was subjected to preparative TLC (Et 2 O-EtOAc, 5 : 1) to afford 7 (1.0 mg). Compound 2 (2.0 mg) was treated with (R)-PGME (5.0 mg) as described above to yield 8 (0.9 mg). C-NMR spectra, and Dr. R. Takeuchi (Kobe Pharmaceutical University) for mass spectrum measurements. This research was financially supported by Kobe Pharmaceutical University Collaboration fund.
